Glutamate transporters maintain low synaptic concentrations of neurotransmitter by coupling uptake to flux of other ions. Their transport cycle consists of two separate translocation steps, namely cotransport of glutamic acid with three Na ؉ followed by countertransport of K ؉ . Two Tl ؉ binding sites, presumed to serve as sodium sites, were observed in the crystal structure of a related archeal homolog and the side chain of a conserved aspartate residue contributed to one of these sites. We have mutated the corresponding residue of the eukaryotic glutamate transporters GLT-1 and EAAC1 to asparagine, serine, and cysteine. Remarkably, these mutants exhibited significant sodium-dependent radioactive acidic amino acid uptake when expressed in HeLa cells. Reconstitution experiments revealed that net uptake by the mutants in K ؉ -loaded liposomes was impaired. However, with Na ؉ and unlabeled L-aspartate inside the liposomes, exchange levels were around 50 -90% of those by wild-type. In further contrast to wild-type, where either substrate or K ؉ stimulated the anion conductance by the transporter, substrate but not K ؉ modulated the anion conductance of the mutants expressed in oocytes. Both with wild-type EAAC1 and EAAC1-D455N, not only sodium but also lithium could support radioactive acidic amino acid uptake. In contrast, with D455S and D455C, radioactive uptake was only observed in the presence of sodium. Thus the conserved aspartate is required for transporter-cation interactions in each of the two separate translocation steps and likely participates in an overlapping sodium and potassium binding site.
G
lutamate transporters are key elements in the termination of the synaptic actions of the neurotransmitter and keep its synaptic concentrations below neurotoxic levels. Glutamate transport is an electrogenic process (1, 2) consisting of two sequential translocation steps: (i) Cotransport of the neurotransmitter with three sodium ions and a proton (3, 4) and (ii) the countertransport of one potassium ion (5-7). The mechanism involving two half-cycles (Fig. 1A) is supported by the fact that mutants impaired in the interaction with potassium are ''locked'' in an obligatory exchange mode (7, 8) . Glutamate transporters mediate two distinct types of substrate-induced steady-state current: An inward-rectifying or ''coupled'' current, reflecting electrogenic sodium-coupled glutamate translocation, and an ''uncoupled'' sodium-dependent current, which is carried by chloride ions and further activated by substrates of the transporter (9) (10) (11) . Nontransportable substrate analogs, expected to ''lock'' the transporter in an outward-facing conformation (stippled part of Fig. 1 A) , are not only competitive inhibitors of the two types of substrate-induced current, but also inhibit the basal sodium-dependent anion conductance (12, 13) .
Recently a high-resolution crystal structure of a glutamate transporter homolog, Glt Ph , from the archeon Pyrococcus horikoshii was published (14) . It forms a trimer with a permeation pathway through each of the monomers, indicating that the monomer is the functional unit. This is also the case for the eukaryotic glutamate transporters (15) (16) (17) (18) . The membrane topology of the monomer (14) is quite unusual, but is in excellent agreement with the topology inferred from biochemical studies (19) (20) (21) . The monomer contains eight transmembrane domains (TM) and two oppositely oriented reentrant loops, one between domains 6 and 7 (HP1) and the other between domains 7 and 8 (HP2). TMs 1-6 form the outer shell of the transporter monomer, whereas TMs 7 and 8 and the two reentrant loops participate in the formation of the binding pocket of Glt Ph (14, 22) . Importantly, many of the amino acid residues of the transporter, inferred to be important in the interaction with sodium (23, 24) , potassium (7, 8) , and glutamate (25, 26) are facing toward the binding pocket.
Because of the limited resolution of the Glt Ph structure, Tl , and a proton from the extracellular medium (left), the outward-facing substrate-loaded translocation complex is formed. After the closing of the external gate and the opening of the internal one, the substrate and cotransported ions dissociate into the cytoplasm (right). Subsequently, intracellular potassium enters the binding pocket. After the internal gate closes, the external gate opens and potassium is released into the extracellular medium, completing net influx. Net efflux, observed at elevated extracellular potassium concentrations, proceeds via reversal of the above steps. Exchange involves reversible translocation via the glutamate half-cycle and does not require potassium. When a bulky nontransportable analog (AAA Ϫ -X) binds from the extracellular medium together with sodium [the stoichiometry (n) is unknown], the transporter remains locked in the outward-facing conformation (dashed line) because translocation cannot proceed. (B) The Cys-less GLT-1 and the indicated mutants in the Cys-less GLT-1 background were expressed in HeLa cells, and transport was measured as described in the Materials and Methods. The data are given as percent of activity of Cys-less GLT-1.
been used in an attempt to visualize the sodium sites (22) . One of the bound Tl ϩ sites was found to be buried just under HP2 and seemed to have only four coordinating main chain carbonyl oxygens from TM7 and HP2. The other Tl ϩ site was buried deeply within the protein, coordinated by three main chain carbonyl oxygens from TM7 and TM8 as well as the two carboxyl oxygens of a conserved TM8 aspartate residue (Asp-405) and possibly a hydroxyl oxygen of a HP1 serine residue (22) (see Fig.  S1 for the proximity of Asp-405 to the substrate and the thallium ions bound to the transporter). Nevertheless, there is uncertainty on assumption that Tl ϩ faithfully reports on Na ϩ because in contrast to Na ϩ , Tl ϩ could not support transport (22) . During the functional analysis of TM8 mutants of the glial glutamate transporter GLT-1 (27) and of the neuronal glutamate transporter EAAC1 (28) , also known as EAAT2 and EAAT3, respectively (29), we found to our surprise that mutants of the corresponding aspartate residues (Asp-485 and Asp-455, respectively) retained the ability to mediate sodium dependent uptake of radioactive acidic amino acids. Here we present evidence that this aspartate residue is required for transporter-cation interactions in each of its two separate translocation steps. From now on this residue is referred to as Asp-455, regardless if the background is GLT-1 or EAAC1. (Fig. 1B) . In contrast to D455E, the lack of transport by D455A was not due to reduced transporter levels at the plasma membrane, as determined by sufacebiotinylation (Fig. S2 ). In the case of the D455C mutant, but not of the C-less GLT-1, the radioactive uptake was inhibited by 45.5 Ϯ 5.4% by 0.25 mM the permeant sulfhydryl reagent N-ethylmaleimide (NEM) (Fig. S3 ), but no inhibition was observed with the impermeant reagent [2-(trimethylammonium) ethyl]methanethiosulfonate (MTSET) (data not shown). The inhibition by NEM was not modulated by substrate or nontransportable substrate analogs (Fig. S3 ), expected to increase the proportion of inward-or outward-facing transporters, respectively. When the corresponding mutants of the glutamate transporter EAAC1 were examined, significant D-[ 3 H]-Aspartate transport was observed with the D455N, D455C, and D455S mutants, and the same was true for transport of L-[ 3 H]-Aspartate and L-[ 3 H]-Glutamate for these mutants in either EAAC-1 or GLT-1 background (Fig. S4) . On the other hand, no measurable radioactive uptake of D-and L-aspartate and of L-glutamate was detected with the D455E and D455A mutants (Fig. S4) .
Results

Transport of D-
Because HeLa cells, like many other cell types, have high endogenous levels of glutamate and aspartate, radioactive uptake of acidic amino acids does not necessarily reflect net flux, but can also be due to exchange of the labeled extracellular substrate and its unlabeled intracellular counterpart, via the lower half-cycle depicted in Fig. 1 A. To distinguish between these two possibilities, the mutant transporters expressed in HeLa cells were solubilized and reconstituted into liposomes. Upon detergent removal in the presence of potassium phosphate, the internal medium of the liposomes contains potassium, but not the acidic amino acids endogeneous to the HeLa cells (7) . Under these conditions, the radioactive D-[ 3 H]-Aspartate uptake by the liposomes inlaid with C-less GLT-1, represents net flux, involving the sodium-coupled substrate translocation step followed by the potassium-dependent reorientation step (lower and upper half-cycles depicted in Fig. 1 A) . Net D-[ 3 H]-Aspartate flux by the D455N, D455C, and D455S mutants ranged between 1-3% of that of C-less GLT-1, and similar observations were made on the corresponding mutants of the glutamate transporter EAAC1 (Fig. 2 , gray bars). On the other hand, when the liposomes contained internal sodium phosphate and 10 mM L-aspartate (exchange conditions), the levels of exchange were around 50-90% of that of wild-type (WT), regardless if GLT-1 or EAAC1 was monitored ( (Fig. S5 ). Even after reconstitution, no activity of D455E was observed ( Fig. 2) , indicating that the lack of activity of this mutant in intact cells (Fig. 1B) is not solely due to a targeting defect.
Currents by Asp-455 Mutants. Previously characterized mutants, which are ''locked'' in the exchange mode, do not exhibit the ''coupled'' current, but nevertheless retain the substrate-induced anion conductance (7, 8, 30) . Because EAAC1 expresses in Xenopus laevis oocytes much better than GLT-1, the electrophysiological experiments were conducted with the mutants in the EAAC1 background. In EAAC1-WT, replacing 10% of the external NaCl by NaSCN almost fully abolished the inwardrectification of the currents induced by L-aspartate (Fig. 3A) . This is due to the fact that the permeability of SCN Ϫ through the transporter-mediated anion conductance is around 70-fold of the permeability of Cl Ϫ (31) and as a result, outward currents, reflecting the entry of the permeant anion at positive potentials, become visible in the presence of SCN Ϫ (Fig. 3A) . Such currents were not induced by GABA, which is not a substrate of the transporter. The nontransportable substrate analog (blocker) D,L-threo-␤-benzoylaspartate (TBOA) blocked the currents (the subtraction of currents in the absence of blocker from those in its presence yields currents in the opposite direction), particularly at positive potentials (Fig. 3A) .
The anion currents by D455C and D455S were suppressed rather than stimulated by L-aspartate (Figs. 3 B and C and Fig.  S6 ). In the absence of SCN Ϫ , the L-aspartate-induced currents were very small but had the same voltage dependence as in its presence ( Fig. 3 B and C) , rather than the inwardly rectifying ''coupled'' current observed with WT (Fig. 3A) . A similar suppression of the currents was also observed with L-glutamate and D-aspartate, and the apparent affinity for the three acidic amino acids was higher than or similar to that in EAAC1-WT (30) (Table S1 ). In the D455N mutant, L-aspartate stimulated the anion conductance at positive potentials, but inhibited at negative potentials (Fig. 3D) . Also with this mutant, the currents in the absence of SCN Ϫ were much reduced, but again their voltage-dependence was unchanged (Fig. 3D) . Despite the complex effect of L-aspartate on the currents by D455N, the blocker TBOA suppressed the anion conductance both at positive and negative potentials (Fig. 3D) , similar to its effect on the other mutants ( Fig. 3B and C) and EAAC1-WT (Fig. 3A) . The apparent affinity for sodium of the three mutants, using the currents modulated by 2 mM L-aspartate as an assay, was similar to that of EAAC-1-WT (24) (Table S1 ).
Besides the biochemical approach used to probe the interaction of the Asp-455 mutants with potassium ( Fig. 2) , we have also examined this interaction using electrophysiological measurements. In oocytes expressing glutamate transporters, elevation of external potassium induces reverse transport of endogeneous acidic amino acids (Fig. 1 A) , and this results in the activation of the transporter-mediated anion conductance (7). This was observed with EAAC1-WT (Fig. 4A ), but not with the D455C, D455S, and D455N mutants (Figs. 4 B-D) .
Sodium-Selectivity of Radioactive Uptake. Our observations thus far can be explained by the idea that Asp-455 is important for the interaction of the transporter with potassium, so that mutants at this position only can execute the sodium-coupled glutamate translocation step (lower half cycle of Fig. 1 A) . To explore the question if the sodium interaction of the mutants is altered as well, we examined the cation selectivity of the substrate translocation step. Two of the three sodium ions required for substrate translocation by GLT-1 apparently can be replaced by lithium (32) . On the other hand, in EAAC1, lithium can support substrate transport in the complete absence of sodium, suggesting that in EAAC1, all three sodium ions can be replaced by lithium (24) . This difference between the two isotransporters appears to be due to a difference of a single amino acid residue located at the tip of reentrant loop HP2 (23, 24) . Therefore we examined the ability of lithium to support substrate transport in the mutants in the background of EAAC1. The initial rate of L-[
3 H]-aspartate transport by EAAC1-WT in the presence of lithium was 21.7% Ϯ 0.6% of that in the presence of sodium (Fig.  5 ). This ratio was even higher with D455N, but in the two other mutants, the ability of lithium to replace sodium was markedly impaired (Fig. 5) . In EAAC1-WT, lithium was less effective in replacing sodium when transport of L-[ 3 H]-glutamate or of D-[ 3 H]-aspartate was measured (Fig. 5) . Nevertheless, the behavior of the mutants was similar to that observed with L-[ 3 H]-aspartate transport; lithium was at least as effective with D455N as with WT, but much less effective with D455C and D455S (Fig.  5) . This behavior by the mutants was similar when the apparent affinity for sodium was measured using D-[ 3 H]-aspartate transport as an assay. In the case of D455N, the apparent affinity for sodium was higher than that of EAAC1-WT, whereas with . The perfusion medium was either ND96 (-SCN Ϫ , filled squares) or ND96, where 9.6 mM NaCl was replaced by an equimolar concentration of NaSCN (ϩSCN Ϫ ,filled circles,filled triangles,inverted filled triangles). Pulses were 250 ms in duration in 10-mV increments to potentials between Ϫ100 mV to ϩ60 mV from a holding potential of Ϫ25 mV. Data were normalized to the L-aspartate-elicited current, in the NaSCN-containing medium at Ϫ100 mV, and plotted against the holding potential. Values are mean Ϯ SE of three to nine repeats. Absolute values for L-aspartate-induced currents at Ϫ100 mV in NaSCN 9.6 ranged from 112 to 1299 nA in WT, from 262 to 569 nA in D455C, from 257 to 1187 nA in D455S, and from 559 to 1604 nA in D455N. Fig. 4 . Effect of extracellular potassium on the currents by WT and Asp-455 mutants. Difference records obtained by subtraction of currents in the NaSCN containing medium (as in Fig. 3 ) from those in the same medium containing 2 mM L-aspartate (filled squares) or from those in KSCN [the same solution, but KSCN (9.6 mM) replaced NaSCN, filled circles] using the same oocytes as in Fig. 3 .
D455C and especially with D455S, it was lower (Fig. S7) . The cooperativity with regard to sodium was not changed much in the mutants; the Hill coefficients for EAAC1-WT, D455N, D455C, and D455S were 1.63 Ϯ 0.13, 1.34 Ϯ 0.10, 1.42 Ϯ 0.08, and 1.60 Ϯ 0.13, respectively. Even though the glutamate and alanine substitution mutants were devoid of transport in the presence of sodium, we also measured it in the presence of lithium. However transport of L-[
3 H]-aspartate by D455E and D455A could also not be observed under these conditions (data not shown).
Discussion
Mutations of Asp-455 of GLT-1 and EAAC1 lead to a defective interaction with potassium ( Figs. 2 and 4 ), yet sodium-coupled substrate translocation remains relatively intact (Figs. 1B and 2) . Because of these observations, we were initially somewhat skeptical on the postulated role of this residue in sodium binding (22) , at least in the eukaryotic glutamate transporters. However, the ability of lithium to replace sodium in radioactive transport by the EAAC1 mutants D455S and D455C was impaired (Fig. 5) , as if the mutation has destroyed the ability of lithium to replace sodium at one of the three sites, without impairing the binding of sodium itself. A similar phenomenon has been previously observed at other EAAC1 positions, which presumably affect the cation selectivity at different sodium sites (24) . An alternative explanation could have been that the mutations have resulted in a decrease of the sodium:substrate stoichiometry, rendering the site influenced by Asp-455 unnecessary for transport. Because the mutants are locked in an exchange mode, we cannot experimentally test this alternative. This is because one or more sodium ions can bind before substrate on the extracellular side (33, 34) , and all three sodium ions unbind after the substrate on the intracellular side (35) . Therefore many labeled substrate molecules can be exchanged for intracellular unlabeled substrate molecules without any accompanying sodium translocation. Nevertheless, such a change in stoichiometry is highly unlikely, because in such a scenario, transport still would be expected to be possible in the sole presence of lithium. Thus our results with the Asp-455 mutants are compatible with the prediction that this residue participates in the coordination of one of the cotransported sodium ions (Na 1), based on the GltPh structure (22) and on molecular simulations based on this structure (36) .
Lithium can still support transport in the D455N mutant (Fig.  5 ), but potassium interaction is disrupted in this mutant (Figs. 2  and 4D ). Thus the role of the conserved aspartate residue in the interaction with potassium is more stringent than that with sodium. It is noteworthy that when the corresponding aspartate of GltPh was mutated to asparagine, the thallium interaction at site 1 was lost (22) , and our observations are in line with a very recent publication indicating that Tl ϩ is more efficient in mimicking K ϩ than Na ϩ when interacting with the mammalian protein (37) . Moreover, our results are also in harmony with the conclusion that the D454N mutant in rat EAAC1, which is equivalent to D455N studied here, can still interact with sodium and substrate (38, 39) . The fact that Asp-455 is required for transporter cation interactions in each of its two separate translocation steps, suggests that this residue may participate in an overlapping sodium and potassium binding site. This suggestion is based on the assumption that the structure of the active center of Glt Ph is very similar to that of GLT-1 and EAAC1. While all of the available evidence supports this assumption (14, 22, 25, 26, 40) , final proof for a direct interaction of Asp-455 with sodium and potassium will have to await high-resolution crystal structures of the mammalian glutamate transporters. Thus at the present time, indirect effects of the mutations of Asp-455 at remote cation binding sites cannot be totally excluded. Overlapping cation sites also have been implicated in the sodiumpotassium pump (41) (42) (43) , which interestingly also operates with two sequential half-cycles for sodium and potassium pumping, respectively. Two other sites in the eukaryotic glutamate transporters have been suggested to be closely linked to interaction with both sodium and potassium (7, 8, 30, 44) . The transport cycle requires the cotransport with three sodium ions and countertransport of only one potassium ion. One of the possible scenarios is that the potassium ion hops through the transporter at or near each of the three binding sites for sodium. On the other hand, it should be noted that one of the other residues implicated in potassium interaction, was later proposed to interact with the cotransported proton and not necessarily with potassium (45), so it is also possible that there just is a single potassium binding site.
Transport by mutant D455C, in the background of the Cys-less GLT-1, was inhibited by the membrane permeant sulfhydryl reagent NEM (Fig. S3 ), which reacts with the thiolate anion and therefore the reactivity of D455C reflects accessibility from the aqueous medium. However, this inhibition was not modulated by conditions favoring the extracellular-or intracellular-facing conformations of the transporter (Fig. S3) , consistent with the idea that the engineered cysteine is located on the translocation pathway and thus can be reached via an aqueous pathway from the extracellular as well as from the intracellular side of the membrane in different conformations of the transporter.
Assuming that Asp-455 indeed directly ligands sodium and potassium during sodium-coupled substrate translocation and reorientation of the substrate-free transporter, respectively, its precise role in the geometry of these sites yet remains to be clarified. Because glutamate has a longer side-chain than aspartate, the fact that the D455E mutant has an intrinsic defect in activity indicates that the positioning of the side-chain oxygens is crucial. Whereas both asparagine and serine have oxygen containing side-chains, cysteine, being only very slightly polar, is a borderline ligand for cations. However, the substrate carboxylate is also nearby, so it is possible that the sodium should still have enough electrostatic stabilization that a mutation to cysteine would not be enough to prevent binding. In fact, when the conserved aspartate residue is mutated, this carboxylate of the substrate may actually become closer to the putative bound sodium, because of the elimination of a negative charge at the binding pocket. It has been suggested that the cotransported solutes can interact functionally in the binding pocket of the glutamate transporters (46) , and also in the present study, we show that the ability of lithium to replace sodium depends on the nature of the acidic amino acid substrate (Fig. 5 ). An attractive explanation is suggested by the very recent finding of a third potential sodium site by valence mapping of the predicted cation binding sites in the Glt Ph structure (47) ; namely the ␤-carboxyl of the bound aspartate, and even more so the ␥-carboxyl group of glutamate would be very close to this sodium. Our electrophysiological data on the Asp-455 mutants also indicate that the interaction of substrate with the binding pocket is altered. Substrates increase the anion conductance in EAAC1-WT, but suppressed it in the D455C and D455S mutants (Fig. 3) . In the case of D455N, stimulation and inhibition were observed at positive and negative potentials, respectively (Fig. 3) , indicating that multiple substrate-bound conformations can gate the anion conductance in this mutant. The blocker TBOA suppressed the anion conductance in EAAC1-WT and all of the mutants (Fig. 3) . Since substrate can still be translocated in the Asp-455 mutants, it is obvious that inhibition of the anion conductance is not necessarily an indication of the blocked state. It will be exciting to address the mechanistic aspects of these issues in the future, but this can be addressed only after the molecular details of the anion conduction pathway through the transporter become available.
Materials and Methods
Generation and Subcloning of Mutants. The C-terminal histidine-tagged versions of Cys-less rat GLT-1 (19) and rabbit EAAC1 (28, 48) in the vector pBluescript SK Ϫ (Stratagene) were used as a parent for site-directed mutagenesis (49, 50) . This was followed by subcloning of the mutations into the starting parent Cys-less GLT-1 construct or into the his-tagged EAAC1, residing in the oocyte expression vector pOG 1 (48) , respectively, using unique restriction enzymes. The subcloned DNA fragments were sequenced between these unique restriction sites.
Cell Growth and Expression. HeLa cells were cultured (51), infected with the recombinant vaccinia/T7 virus vTF (52) , and transfected with the plasmid DNA harboring the WT or mutant constructs or with the plasmid vectors alone (51) . Transport of D-[ 3 H]-aspartate or other radiolabeled substrates was done as described (49) . Usually D-[ 3 H]-aspartate in transport assays, because of the low background values obtained in HeLa cells, transfected with the vector alone. Briefly, HeLa cells were plated on 24-well plates and washed with transport medium containing 150 mM NaCl/5 mM KPi, pH 7.4. Each well was then incubated with 200 L transport medium supplemented with 0.4 Ci of the tritium-labeled substrates and incubated for 3 or 10 min, followed by washing, solubilization of the cells with SDS, and scintillation counting. Where necessary, the NaCl was replaced by LiCl or choline chloride, both during washing and transport. Surface biotinylation (53) in HeLa cells, as well as solubilization of transporters expressed in HeLa cells, their reconstitution, and analysis by transport (7, 27) , were done as described. Exchange data are presented as net exchange after subtracting the values obtained on proteoliposomes not containing 10 mM L-aspartate, but only 0.12 M sodium phosphate, pH 7.4. Protein was determined by Lowry's method (54) .
Expression in Oocytes and Electrophysiology. cRNA was transcribed using mMESSAGE-mMACHINE (Ambion), injected into Xenopus laevis oocytes, and maintained as described (24) . Oocytes were placed in the recording chamber, penetrated with two agarose-cushioned micropipets (1%/2M KCl, resistance varied between 0.5 and 3 m⍀), voltage-clamped using GeneClamp 500 (Axon Instruments), and digitized using Digidata 1322 (both controlled by the pClamp9.0 suite; Axon Instruments). Voltage jumping was performed using a conventional two-electrode voltage clamp as described previously (48) . The standard buffer, termed ND96, was composed of 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2, 1 mM MgCl2, 5 mM Na-HEPES, pH 7.5. The composition of other perfusion solutions is indacted in the figure legends. Offset voltages in chloride substitution experiments were avoided by use of an agarose bridge (1%/2M KCl) that connected the recording chamber to the Ag/AgCl ground electrode.
Data Analysis. All current-voltage relations (Figs. 3 and 4) represent steadystate substrate-elicited net currents [(I bufferϩsubstrate) Ϫ (Ibuffer)] and were analyzed by Clampfit version 8.2 or 9.0 (Axon instruments). Because of the variability in expression level within and between different oocyte batches, the data have been normalized as indicated in the figure legends. Kinetic parameters were determined by nonlinear fitting to the generalized Hill equation using the build-in functions of Origin 6.1 (Microcal). For determination of apparent affinity for substrate, I max and K0.5 were allowed to vary, and the value of n H was fixed at 1, whereas this parameter was allowed to vary for the calculation of the apparent affinity for sodium.
